Physiological responses to short-term environmental stress, such as infection, can have long-term 25 consequences for fitness, particularly if the responses are inappropriate or nutrient resources are 26 limited. Genetic variation affecting energy acquisition, storage, and usage can limit cellular 27 energy availability and may influence resource-allocation tradeoffs even when environmental 28 nutrients are plentiful. Here, we utilize well-characterized Drosophila mitochondrial-nuclear 29 genotypes to test whether disrupted energy metabolism interferes with nutrient-sensing 30 pathways, and whether this disruption has consequences for tradeoffs between immunity and 31 fecundity. We find that this energetically compromised genotype is resistant to rapamycin -a 32 drug that stimulates nutrient-sensing pathways that are activated when resources are limited. 33
Investigating how genetic variation in host metabolism interacts with immunity and diet to 71 influence life-history outcomes during periods of environmental stress (e.g., infection) is critical 72 for understanding how immunity-fecundity tradeoffs evolve. Genetic variation affecting energy 73 metabolism may limit the availability of cellular energy (e.g. energy stores or ATP) and 74 influence resource-allocation tradeoffs even when environmental nutrients are not limiting. One 75 regulatory mechanism that integrates information both from external (e.g. food availability) and 76 internal (e.g. cellular ATP availability) inputs to impact life-history traits is the target of 77 rapamycin (TOR) signaling pathway (Oldham and Hafen 2003) . When external and internal 78 nutrient levels are sufficient, TOR upregulates downstream target genes to promote protein 79 synthesis. Conversely, poor nutrient levels or treatment with the drug rapamycin decreases 80 protein production and increases recycling of cellular components via autophagy (Zheng et To investigate how genetic variation in energy metabolism and, specifically, in mitochondrial 85 function may mediate immune function and immunity-fecundity tradeoffs, we utilized a 86 mitochondrial-nuclear (mito-nuclear) hybrid genotype (Montooth et al. 2010 ) that compromises 87 mitochondrial oxidative phosphorylation. Compromised OXPHOS in this genotype is caused by 88 an incompatible interaction between a single nucleotide polymorphism in the mitochondrial-89 encoded mt-tRNA Tyr and an amino acid polymorphism in the nuclear-encoded mt-tyrosyl-tRNA 90 synthetase that aminoacylates this mt-tRNA (Meiklejohn et al. 2013 ). Together, these mutations 91 5 decrease female fecundity, delay development, and disrupt larval metabolic rate, indicative of 92 inefficient energy metabolism (Hoekstra et al. 2013 (Hoekstra et al. , 2018 Meiklejohn et al. 2013 ). Here we 93 measure life-history traits in mito-nuclear genotypes under nutrient and pathogen stress to test 94 whether genetic variation that compromises energy metabolism can limit available cellular 95 resources and generate tradeoffs between immunity and fecundity. 96
97
Methods 98
Drosophila Genotypes and Rearing Conditions 99
We employed a panel of six mito-nuclear genotypes that combine mtDNAs from D. 100 simulans -(simw 501 ) and (sm21) -and D. melanogaster (ore) with two wild-type D. 101 melanogaster nuclear genomes -OreR and Aut (Montooth et al. 2010 The first experiment was performed using all 6 genotypes and 3 rapamycin 114 concentrations (0 µM, 2 µM and 10 µM) on medium mixed diet. 50 females and 30 males were 115 mated for 24 hours and placed onto grape agar plates for collecting cohorts of 75 eggs every 24 116 hours (50 g bacto-agar, 30 mL tegosept in 10% ethanol, 500 mL grape juice, 1500 mL distilled 117 H 2 O). A total of 5 vials of 75 eggs per genotype and rapamycin level were monitored twice a day 118 to measure the date to first pupation, the development time of each individual, and the number of 119 males and females that eclosed as a measure of sex-specific survival. Our estimate of sex-120 specific survival assumed a 50:50 sex ratio in the eggs or larvae (see below) placed in each vial. 121
In order to examine more concentrations of rapamycin on a high-yeast diet, genotypes 122 with the (sm21) mtDNA -which did not behave differently from the (ore) mtDNA in the 123 preliminary experiment -were not included in a second experiment. In this experiment, four 124 genotypes were reared on a high-yeast food for many generations before being reared on food 125 containing 0 µM, 5 µM, 10 µM, or 15 µM rapamycin. Males and females of each genotype were 126 mated, and females were allowed to lay eggs for 12 hours on grape agar plates and were then 127 removed. 50 first-instar larvae of each genotype were collected 24 hours after the egg lay by 128 floating the larvae in 20% sucrose and 1X phosphate-buffered saline (PBS). We set up 7 129 replicate vials of each genotype at each rapamycin concentration, with an additional replicate 130 vial for (simw 501 );OreR due to the increased probability that vials are non-productive with this 131 genotype because of its overall low-fecundity and embryonic defects (Meiklejohn et al. 2013; 132 Zhang et al. 2017 ). Vials were scored for development time and survival as described above. 133
In order to test whether control genotypes exposed to a low-yeast environment would 134 show a decreased responsiveness to rapamycin, similar to (simw 501 );OreR on a high-yeast diet, 135
we developed the full panel of six mito-nuclear genotypes from larvae to adult on either a high-7 yeast or low-yeast diet, supplemented with three levels of rapamycin (0 µM, 5 µM, and 10 µM). 137
Males and females of each genotype were mated, and females were allowed to lay eggs for 4 138 hours on high or low yeast plates, respectively, and were then removed. 100 first-instar larvae of 139 each genotype were collected 30 hours after the egg lay by floating the larvae in 20% sucrose 140 and 1X PBS. We set up 5 replicate vials of each genotype, yeast, and rapamycin combination. 141 Vials were scored for development time and survival as described above. of 30 males or females on standard food and counted twice daily for survival for 10 days. After 5 152 days, individuals that were still alive were transferred to fresh food. Five replicate groups were 153 measured for survival for each genotype, sex, and infection treatment (sham versus pathogen) 154 combination. In a parallel infection setup, fecundity was measured using 15-20 females of each 155 genotype/treatment that had survived to 5 days post infection. These females were mated with 156 wild-type males from an outbred D. melanogaster population that is genetically distinct from the 157 nuclear backgrounds of the focal genotypes. Mated females were allowed to lay eggs for 72 158 hours, transferring both males and females to a new vial every 24 hours. Supplementary Fig. 1 A&B) . 204 10 In addition to delaying development, rapamycin caused significant concentration-205 dependent mortality in all genotypes (Fig. 2B ). However, this effect was also significantly 206 attenuated in (simw 501 );OreR relative to the control genotypes (mtDNA*nuclear*rapamycin: 207 χ 2 1,220 = 28.24, P < 0.0001), a pattern that was independent of sex 208 (mtDNA*nuclear*rapamycin*sex: χ 2 1,216 = 0.04, P = 0.8) ( Fig. 2B, Supplemental Fig. 1C&D ). In 209 fact, when first-instar larvae were developed on food containing rapamycin, (simw 501 );OreR 210 showed the highest larval-to-adult survival of all genotypes (Fig. 2B ). In the absence of 211 rapamycin, (simw 501 );OreR had wild-type larval-to-adult survival (mtDNA*nuclear: χ 2 1,54 = 2.56, 212 P = 0.11). In contrast, when eggs, rather than larvae, were transferred to food containing no 213 rapamycin, (simw 501 );OreR showed significantly lower egg-to-adult survival, relative to other 214 genotypes (mtDNA*nuclear: χ 2 2,53 = 17.8, P < 0.001) ( Supplementary Fig. 2 Supplementary Fig. 4 ). However, we were able to use two 248 compatible mito-nuclear genotypes with the OreR nuclear background -(ore);OreR and 249 (sm21);OreR -to test the prediction that control genotypes fed a low-yeast diet would be less 250 12 responsive to 5 uM rapamycin, analogous to the (simw501);OreR genotype on a high-yeast diet. 251 (ore);OreR flies developed on a low-yeast diet had a decreased response of development time to 252 5 µM rapamycin, relative to (ore);OreR flies developed on a high-yeast diet (Fig. 4) , an effect 253 that was somewhat stronger in females (females, yeast*rapamycin: F 2,46 = 12.3, P < 0.001; 254 males, yeast*rapamycin: F 2,40 = 3.0, P = 0.059) ( Supplemental Table 1 ). However, this pattern 255 was not observed in (sm21);OreR (females, yeast*rapamycin: F 2,41 = 0.98, P = 0.38; males, 256 yeast*rapamycin: F 2,40 = 0.07, P = 0.93) (Fig. 4) . Together, our results indicate that nutrient 257 limitation -either in the diet or by mutations affecting energy metabolism -attenuated delays in 258 larval development due to TOR suppression by rapamycin. 259 260
Females with compromised energy metabolism have decreased immune function 261
We measured the survival of (simw 501 );OreR and the compatible mito-nuclear genotypic 262 controls that were infected as adults with the natural Drosophila pathogen P. rettgeri, as well as 263 flies that were given a sham infection. Survival following infection was significantly affected by 264 mito-nuclear genotype (mtDNA*nuclear*infection: χ 2 2,104 = 8.51, P = 0.014), due primarily to 265 decreased survival of (simw 501 );OreR females (females, mtDNA*nuclear*infection: χ 2 2,47 =5.46, 266 P = 0.065) ( Fig. 5B) , as males showed no significant genotype-specific survival differences 267 (males, mtDNA*nuclear*infection: χ 2 2,50 = 2.9, P = 0.23) (Fig. 5A ). Consistent with prior 268 studies, we found that most death occurred in the 3-4 days following infection with this pathogen 269 
Compromised energy metabolism reveals an immunity-fecundity tradeoff 272 13
We measured the fecundity of females that survived for five days following either 273 bacterial or sham infection. In control genotypes, there was no evidence for a tradeoff between 274 immunity and fecundity; over the course of three days, females produced similar numbers of 275 offspring whether they had survived a sham infection or a pathogen infection (infection: F 1,428 = 276 0.0001, P = 0.99; mtDNA*nuclear*infection: F 1,428 = 2.7, P = 0.10) ( Fig. 6, Supplementary Fig.  277 5). However, (simw 501 );OreR females that had survived infection with P. rettgeri had fewer 278 offspring than sham-infected females of the same genotype (infection: F 1,116 = 3.97, P = 0.049) 279 ( Fig. 6) , an effect that was magnified across the three days of egg production (Supplementary 280 
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Figure Legends

